To date, most candidate systems for producing herbaceous cellulosic biomass have been composed of monocultures of perennial or annual grasses. Ecosystem goods and services provided from these biomass feedstock production systems could be increased dramatically with mixing of one or more forb species that would increase biodiversity and provide habitat for pollinators.
Introduction
There is a wide area of poorly drained marginal croplands in the northern Great Plains. Because high soil moisture delays or prohibits planting in the spring, most of these marginal lands are economically unprofitable. Enhancing the utilization of these marginal lands through growing adapted perennial plants will greatly benefit farmers economically and provide environmental benefits, as well. Dedicated herbaceous perennial biomass production systems on marginal cropland may increase yield, reduce inputs, and provide increased ecological goods and services over monocultures or mixtures of perennial grasses, if forbs are included in a mixture [1] . Species of Silphium are receiving recent global attention for new multi-purpose crops, including forage [2] [3] , biomass [4] , remediation, and pollinator-attracting functions [5] .
Cup plant (Silphium perfoliatum L.), a perennial species native to North America, has great potential for bioenergy production and enhancement of ecological goods and services. Cup plant's importance has been recently recognized in North America [4] [5] , Europe [6] [7] [8] , South America, and Asia. A recent study showed cup plant had desirable levels of genetic variation among 33 half-sib families for improving biomass and related morphological traits [4] . An important feature of this species is its adaptation to wet marginal croplands. Its favored natural habitats include moist prairies, meadows near rivers, lake borders, and ditches [9] . In the Dakotas, cup plant occurs only rarely along the eastern edges on alluvial soils [10] ; whereas, in Wisconsin it occurs statewide, but is most common in the southern and western regions [11] .
Switchgrass (Panicum virgatum L.) monocultures are a leading feedstock choice for producing cellulosic biofuels. However, in natural grasslands, switchgrass is only dominant in a narrow ecological niche of the tall grass prairie. On the other hand, prairie cordgrass (Spartina pectinata Link), which is a tall (1.5 to 2 m), robust, native grass with strong rhizomes that can spread 1 -3 m per year and separate it from the other desirable native warm season grasses, grows throughout the Northeast, Great Lakes and Midwest states as well as most other states in the USA. Prairie cordgrass is commonly found on low, poorly drained soils along roadsides, railroad embankments, ditches, streams, marshes and potholes. It also grows well on seasonally dry sites, and tolerates alkaline soil conditions [12] . Growing binary mixtures of perennial warm-season grasses and legumes has been shown to improve forage production and quality [13] . A recent study demonstrated that monocultures or binary mixtures of native plant species 
Materials and Methods
Three native perennial biomass candidate species: switchgrass, prairie cordgrass, and cup plant, were used for this study. Seeds of "Summer" switchgrass, a selection of prairie cordgrass from a natural population in eastern South Dakota [14] , and a selection of cup plant derived from natural populations in Illinois and
Minnesota [4] were planted in the greenhouse in cone-tainers (Stuewe and Sons Inc., Tangent, OR) during February 2010 to provide equal-condition seedlings transplanted to the field in May 2011.
Transplanted nurseries of monocultures (Figure 1 At Brookings, no fertilizer was applied during the study. Soil nutrient levels were not determined at planting. The previous crop was soybean [(Glycine max L. Merr.)] for both prime and marginal land components. Therefore, we assumed that about 45 kg N ha −1 would be available during the growing season of the establishment year (i.e., 2011) [15] . Historically, the prime land study area was in a long-term maize (Zea mays L.)-soybean rotation; whereas, the marginal land area was in a long-term wheat (Triticum aestivum L.)-soybean rotation, which was subject to frequent modification by wet soil conditions that precluded timely planting of these grain crops in the spring. At Arlington, the previous crop was alfalfa (Medicago sativa L.). Nitrogen fertilizer was applied annually to both prime and marginal land components at 180 kg N ha −1 in the form of ammonium nitrate. Soil P and K were maintained at optimum levels for maize silage production, based on University of Wisconsin recommendations [16] .
Plots were hand-harvested in entirety during September at Arlington and Table   1 .
Results
Due to large variation in environmental conditions between Brookings, SD and Arlington, WI, results including analyses of variance and comparisons among treatment means are presented separately for each location.
Biomass Yield at Arlington, WI All sources of variation, with the exception of replications within sites within classes in 2013, were significant for both years at Arlington ( Table 2 ). In 2012,
A. Boe et al. (Table 3 ).
Since the class × treatment mean square was highly significant in each of 2012 and 2013, separate analyses of variance were conducted for each class in each
year. Those analyses showed the monoculture of prairie cordgrass produced significantly more biomass than all other treatments on prime land in 2012 (Table   3 ). Whereas, on marginal land, monocultures of prairie cordgrass and cup plant and their binary mixture produced significantly more biomass than the switchgrass monoculture, the switchgrass/cup plant binary mixture and the tertiary mixture ( Table 3 ). In 2013, the monoculture of prairie cordgrass produced more biomass than the cup plant and switchgrass monocultures and the cup plant/switchgrass mixture on prime land (Table 4) . Similarly, on marginal land the prairie cordgrass monoculture produced more biomass than the switchgrass A. Boe et al. monoculture and the switchgrass/cup plant mixture; however, biomass yields of any treatment containing prairie cordgrass, cup plant, or both were comparable ( Table 4 ). The switchgrass monoculture was the only treatment that produced more biomass on prime land than on marginal land ( Table 3 and Table 4 ).
Biomass Yield at Brookings, SD
Significant differences were detected among the three class/site plantings at Brookings, SD in both 2012 and 2013 (Table 5 ). Mean biomass production was 1.4 Mg•ha −1 for the single site on marginal land, which was similar (1.3 Mg•ha −1 ) to one of the two sites on prime land, but greater than the other (0.98 Mg•ha −1 ). In 2013, the class/site × treatment mean square was significant, so separate analyses were conducted for the single site on marginal land and for the combined two sites on prime land. Results of those analyses indicated differences among treatments on marginal land (Table 6) ; whereas, no differences among treatments or between sites were found on prime land. On marginal land at Brookings in 2013, the highest yielding treatments were mixtures, with the switchgrass/cup plant mixture producing significantly more biomass than the switchgrass and prairie cordgrass monocultures ( Table 6 ). Table 7 . Significant differences were found between classes and among treatments for the proportion of total biomass contributed by cup plant in mixtures at Arlington in each of 2012 and 2013. However, the class × treatment mean square was also significant in 2012 (Table 7) .
Biomass Contribution by Cup Plant in Mixtures
For the 2012 data, separate analyses of variance for each class revealed significant differences among treatments and among sites within classes for cup plant contribution to biomass ( Table 8) (Table 8 ).
In South Dakota, no difference was found between years for proportion of total biomass contributed by cup plant. However, highly significant (P < 0.01) differences between sites (i.e., two sites on prime cropland and one site on marginal land) and among treatments main effects were observed. Averaged across the two years, proportion of total biomass contributed by cup plant was 0.61 and 0.43 for the two sites on prime land and 0.51 for the site on marginal land. For Number of cup plant shoots m −2 varied among treatments at both Brookings in 2012 and Arlington in 2013. The range of the four treatment means at Arlington was from 6.0 to 11.5 shoots m −2 for the tertiary mixture and cup plant monoculture, respectively; whereas, at Brookings the range was from 2.0 to 3.6
for the same treatments, respectively.
Discussion
Severe drought occurred during the 2012 growing season at Brookings. Precipitation during June through September was 39% of the 30-year average ( Table 1 ).
In 2013, precipitation during April through July was 80% of the 30-year average ( Table 1 ). In addition, a severely limiting biotic factor in both years was heavy infestation of floral meristems of cup plant by the larvae of the cup plant moth.
Greater than 90% of the meristems were destroyed by the larvae in 2012, result- in the present study [1] . The cup plant moth did not occur at that location. Also, the plant density was four times higher than in the present study.
The biomass production of two-year-old cup plant monocultures (10.8 Mg•ha −1 )
at Arlington in September 2013 was comparable to that produced from a December harvest by an accession from the USA (9.6 Mg•ha −1 ) grown at a similar plant density (i.e., 20,000 plants ha −1 ) at 51˚N latitude in Germany [8] . However, in that same study, an accession from Russia produced (14.3 Mg•ha −1 ). In comparison, in western Lithuania (56˚N latitude), a cup plant accession (origin not provided) in the same 20,000 plants ha −1 density produced 8.5 Mg•ha −1 [6] in the first production year. In the second production year, that accession produced 21.9 Mg•ha −1 .
In addition to the cup plant moth at Brookings, we also observed biomassreducing morphological damage to switchgrass caused by the switchgrass midge (Chilophaga virgati Gagné) [19] [20] and stunting and discoloration to prairie cordgrass due to phloem-feeding adults and nymphs of Ischnodemus falicus Say [14] . The impact of the switchgrass midge on biomass production is more likely to be evident in spaced-plantings, such as were used in the present study, than in solid stands [19] .
The 2012 growing season was also droughty at Arlington, with April through September precipitation 52% of the 30-year average. However, in 2013 growing-season precipitation was 15% above average (Table 1) . Consequently, the grand biomass mean in 2013, averaged across classes and treatments, was twice that of the 2012 grand biomass mean. The competitiveness of cup plant on poorly drained marginal land at Arlington was more obvious in the binary mixture with switchgrass compared with the prairie cordgrass binary mixture. This was not surprising as Weaver [21] considered cup plant to be one of the most adapted forbs in lowlands of the natural tallgrass prairie, where prairie cordgrass is also well-adapted. The fact that the cup plant/prairie cordgrass binary mixture and the tertiary mixture produced amounts of biomass comparable to those of cup plant and prairie cordgrass monocultures on prime and marginal cropland at Arlington was particularly encouraging. Biomass production was not reduced by increasing ecological goods and services, such as pollinator habitat, with a simple forb/grass mixture.
A comprehensive review of biomass data from switchgrass monocultures and switchgrass mixtures, primarily with legumes, concluded that switchgrass monocultures yielded more than switchgrass mixtures, with the exception of legume mixtures which produced similar yields to monocultures [22] . These data were presumably obtained from predominately prime cropland. More recently, Jungers et al. [23] conducted a 7-year study of 12 different native plant mixtures at eight locations in Minnesota and North Dakota and found that, in general switchgrass produced as much or more biomass than monocultures of other grass or grass-forb mixtures. However, without N fertilizer, an eight-species grass/legume mixture produced as much biomass switchgrass in a single harvest at the end of the growing season system. The biomass yields of the switchgrass monoculture on marginal and prime land in Wisconsin in this study were similar to those reported for fertilized and non-fertilized switchgrass monocultures, respectively, in a long-term study from multiple locations in Minnesota [23] .
The phenology of cup plant is somewhat different from that of the two native warm-season grasses in this study. Cup plant usually begins to green up in late March and often suffers frost damage/death to the first few emergent basal leaves prior to internode elongation. On the other hand, prairie cordgrass produces emergent tillers composed of overlapping scale-like bladeless leaves during autumn. The growing points of these tillers are located below ground level until growth resumes in the spring. During spring, elongate bladed leaves begin to emerge during April. These first elongate leaves are occasionally damaged by frost, as well. In contrast, switchgrass tillers normally begin to emerge about two weeks to a month after the onset of leaf elongation of fall-emergent tillers of prairie cordgrass. Although these distinct phenological differences exist between cup plant and the grasses during the early part of the growing season, all three reach peak standing crop at anthesis during early to mid-August.
Superior performance of cup plant and mixtures of cup plant and prairie cordgrass on marginal cropland vs on prime cropland demonstrated an ecological rationale to include this pollinator friendly plant in sustainable cellulosic biomass production systems in mixtures with perennial warm-season grasses. Although the results from Brookings, because of unacceptably low biomass production due to adverse growing conditions, did not clearly identify any of the six plant communities as superior, the fact that the mixtures produced 30% more biomass than the monocultures provided encouragement for additional research.
It should be pointed out that this study of transplants used a single plant population density (i.e., 20,000 plants ha −1 ) and a single species ratio in the mixtures (i.e., 1:1 in binary mixtures and 1:1:1 in the tertiary mixture). Little is known about variation in biomass of cup plant in response to variation in plant population density or in response to variation in proportion of each species in a mixture. Mangan et al. [24] planted cup plant at a rate of 25 seeds m −2 in high-diversity native plant polycultures at four locations in Minnesota and North Dakota, but reported no seedling establishment at any of the locations. However, results of our study conducted in South Dakota and Wisconsin suggested that, at the plant population density used in this study, biomass production of mixtures could be expected to reflect the production of the individual components in monocultures across a wide geographic area.
